Sequences flanking the initiator codon in eukaryotic mRNAs are not random. Out of 153 messages examined, 151 have either a purine in position -3, or a G in position +4, or both. Thus, ^XXAUGG emerges as the favored sequence for eukaryotic initiation sites. Nucleotides flanking nonfunctional AUG triplets, which occur in the 5'-noncoding region of a few eukaryotic messages, are different from those found at most functional sites. Whereas most authentic initiator codons are preceded by a purine (usually A) in position -3, most nonfunctional AOGs have a pyrimidine in that position. The observed asymmetry suggests that purines in positions -3 and +4 might facilitate recognition of the AUG codon during formation of initiation complexes. To test this idea, in vitro binding studies were carried out with -"P-labeled oligonucleotides. Binding of AUG-containing oligonucleotides to wheat germ ribosomes was significantly enhanced by placing a purine in position -3 or +4. The scanning model, which postulates that 40S ribosomal subunits attach at the 5'-end of a message and migrate down to the AUG codon, is discussed in light of these new observations. A modified version of the scanning mechanism is proposed.
INTRODUCTION
The pivotal role of the AUG codon in defining the start site for protein biosynthesis has long been recognized. Only a small fraction of the AUG triplets in a given message function as ribosome binding sites, however. In prokaryotic messenger RNAs, the major ancillary signal that dictates which AUG codons will be selected by ribosomes is a purine-rich sequence centered about ten nucleotides upstream from the AUG triplet (1) . Other sequences located farther to the left (2-4) or right (5, 6) of the AUG codon have also been shown to influence translational efficiency, at least in some messages. In prokaryotes, the role of the purine-rich sequence preceding the initiator codon was deduced from comparison of nucleotide sequences among a large number of messages, and from manipulation of messenger RNAs; i.e., altering the "Shine/Dalgarno" region preceding a particular initiator codon lowered or abolished binding of ribosomes to that site (7, 8) . By contrast, eukaryotic ribosomes appear to be more tolerant of sequence changes within the region of a message preceding the ini-tiator codon (9) (10) (11) (12) . Comparison of the 5'-proximal nucleotide sequences of eukaryotic messages reveals remarkable heterogeneity, even among some closely related mRNAs (13) (14) (15) , reinforcing the impression that eukaryotic ribosomes might not require a particular sequence to demarcate the initiation site. Based in part on observations such as these, I have hypothesized that eukaryotic ribosomes bind initially at the 5'-end of a message and then migrate, scanning the mRNA sequence until they encounter the first AUG triplet which, solely by virtue of its position, is the initiator codon. Considerable evidence has been adduced in favor of this "scanning mechanism" (16, 17) . A compilation in D e c , 1980, revealed that in 90 out of 99 eukaryotic messages which had been sequenced, translation does indeed begin at the AUG triplet which is closest to the 5'-terminus (17) . Although it is gratifying that 90% of the messages examined conform to the prediction, the 9 exceptional messages (a number which has since grown to 11) in which translation does not start at the first AUG have been puzzling. The scanning model, in its simplest form, states that the initiator codon is recognized by its position (i.e., first-in-line) irrespective of the flanking sequences. But as sequence information has become available from more and more eukaryotic messages, it has become obvious that the nucleotides flanking the initiator codon are not random. The data compiled in this paper show that nucleotides in positions -3 and +4 are highly conserved. (The numbering  -3  +1  +4 system used here is XpXpXpApUpGpX.) To determine whether the conserved nucleotides play a role during initiation, I have constructed a series of AUGcontaining oligonucleotides and measured their ability to bind to wheat germ ribosomes in vitro. The binding efficiency of the oligonucleotides was significantly enhanced by placing a purine in position -3 or +4. A slightly more elaborate version of the scanning model, which takes these new data into account, may provide an explanation for those exceptional eukaryotic messages in which initiation is not restricted to the 5'-proximal AUG codon.
MATERIALS AND METHODS

Synthesis and characterization of oligonucleotides
To simplify the representation of nucleotide sequences, the designation p is used for [ 32 P]; V = pyrimidine; R = purine; X = any one of the four common ribonucleotides. All of the di-and trinucleotides used in this work were purchased from P-L Biochemicals except for GpUpG, which was from Boehringer Mannheim, and CpCpC, which was from Collaborative Research.
Stepwise synthesis of oligonucleotides varying in position -3
The The product of the ligase reaction was purified by phenol extraction followed by electrophoresis on Whatman 3MM paper in pyridine/acetate buffer at pH 3.5.
ApUpGpCp migrates slightly faster than the xylene cyanol marker. The 3 2 Plabeled oligonucleotide was eluted from the paper with water, further purified by chromatography on Bio-Gel P-2,»then stored in water at -70°C.
Sequential kinase/ligase reactions were carried out a second time to obtain XpCpCpApUpGpCp, where X = C, A or G. The tetranucleotide ApUpGpCp from the preceding step was first phosphorylated by incubation with polynucleotide kinase and 0.2 mM (nonradioactive) ATP; the resulting pApUpGpCp was used as donor in a reaction with RNA ligase. Three ligase reactions were carried out, using as acceptor either CpCpC, ApCpC or GpCpC; reaction conditions were as described in the preceding paragraph. After phenol extraction, the Plabeled heptanucleotides were recovered by precipitation from 70% ethanol.
The kinase/ligase reactions were repeated a third time to obtain CpCpCp- The size and purity of various oligonucleotides was checked by homochromatography on DEAE thin layer plates at 60°C using homomixture c (19) . Autoradiography was carried out at room temperature using Kodak BB-1 film.
Synthesis of oligonucleotides varying in position +4
32 P-Labeled pentanucleotides of the form ApApUpGpX (where X = C, A, GorU)
were synthesized by ligating pGpX to ApApU. The 5'-phosphorylated dinucleotide donor was first prepared in a reaction with polynucleotide kinase and y-P-ATP. Reaction conditions were as described above for synthesis of pCp, except that 3'-CMP was replaced with either GpC, GpA, GpG or GpU, each at a concentration of 10 ug/25 pi reaction. After the standard boiling procedure to inactivate kinase, the solution containing [5'-p]pGpX was used in aligase reaction, with ApApU (0.6 units/25 pi reaction) as acceptor. These ligase reactions were incomplete, and therefore at the end of the incubation the 3 2 plabeled pentanucleotides were separated from unreacted donor by preparative electrophoresis on 3MM paper. The pentanucleotides were eluted with water, and a portion of each sample was used directly for ribosome binding. Another aliquot was used as acceptor in a second ligase step, with nonradioactive pCp as donor. This generated a series of hexanucleotides of the form ApApUpGpXpCp, where X = C, A, G or U.
The structure of the pentanucleotides was confirmed by a series of enzymatic digestions: PI nuclease yielded 5'-32 P-GMP; T2 RNase yielded 3'-32 P-UMP;
pancreatic RNase yielded a 32 P-labeled product that co-migrated with ApApUp on DEAE paper at pH 3.5. The mobilities of the intact dinucleotides and pentanucleotides on 3MM paper at pH 3.5 (see Fig. 2 ) are consistent with their composition; that is, the mobilities follow the expected gradient U>G>A>C.
Binding of oligonucleotides to wheat germ ribosomes
The ability of 32 P-Iabeled oligonucleotides to form 80S initiation complexes was measured using conditions that were previously employed with natural messenger RNAs (20) . The wheat germ S23 extract was supplemented with 1 mM ATP, 0.24 mM GTP, 200 uM sparsomycin, and other components as described (20) . The final concentration of magnesium was 2.8 mM. After incubation for 10 min at 19°C, samples were chilled and layered onto 10-30% glycerol gradients. Centrifugation was for 3 hr, 39,000 rpm, 4°C in the Beckman SW41 rotor. Gradient fractions (0.4 ml) were mixed with 0.4 ml of water and 8 ml of Beckman HP scintillation cocktail, and were counted to determine the distribution of radioactivity. (60% G), +5 (44% C) and +6 (42% U). The significance of these asymmetries is not immediately obvious, nor is the problem easily approached experimentally.
To simplify the task, I have focused in this study on the two positions which show the greatest deviation: position -3, which is a purine (most often A) in 94% of the messages examined; and position +4, which is also a purine (most often G) in 83% of eukaryotic messages.
In attempting to assign a function to these conserved nucleotides, one is confronted by the problem that some messages (albeit a minority) lack the "consensus sequence." One solution that comes to mind is that, in order to The AUG triplet is numbered +1 to +3. The dotted line across each panel indicates the 25% value that would be expected on a random basis. For these calculations, I used 90 eukaryotic messages tabulated in reference 17, and 16 additional sequences given in references 21-37. I did not include the human 6-and 6-globin sequences, which are very similar to rabbit B-globin; the minor species of mouse B-globin, which is nearly identical to mouse Bglobin major; and sequences from the New Jersey strain of vesicular stomatitis virus, which are similar to the Indiana strain. SV40 late 16S mHNA was also omitted because of ambiguity in identifying the initiator codon for VP1. (40) , and SV40 -rat calcitonin precursor (77) -chicken conalbumin -alfalfa mosaic virus coat protein -rat liver cc, globulin (50) -one of the large reovirus proteins -silkworm fibroin -VSV M and G proteins -bovine preproparathyroid hormone -adenovirus-2 fiber protein -P. miliaris histone HI -Ad-5 and Ad-12 early region E-^a -human fibroblast interferon -Ad-2 early region 3, 14.5 K (53) -mouse a-amylase, salivary & pane.
and 16K (54) and #8 -Rous sarcoma virus #1 -poliovirus #4 -mouse ot-amylase, liver -mouse o-amylase, salivary -Rous sarcoma virus #2 and #3 -chicken preproinsulin -poliovirus #2, #3 and #7 -012-collagen #1 and #2 -Semliki Forest virus qenome a Messages for which no reference is indicated were included in an earlier compilation (17) . The abbreviations used are VSV, vesicular stomatitis virus; MSV, murine sarcoma virus; Ad, adenovirus; HA, hemagglutinin; NA, neuramini-' dase; Ig, immunoglobulin. *The rightmost panel deals with mRNAs in which translation does not begin at the 5'-proximal AUG. Eleven such messages have been identified: SV40 late 16S and 19S mRNAs (74, 75) ; the poliovirus genome (26, 27) ; the genome of Rous sarcoma virus (R. Swanstrom & J.M. Bishop, pers.commun.) and two subgenomic mRNAs of RSV (76; J.M. Bishop, pers.commun.); mouse a-amylase mRNAs from salivary gland and liver (71); chicken a^-collagen (68) ; chicken preproinsulin (72) , -and the Semliki Forest virus genome (73) . Nonfunctional upstream AUGs in these 11 messages are listed on the right; the functional initiator codon from each message is included in the left side of the table. Some of these mRNAs have only one AUG preceding the initiator codon; others have 2 (collagen) or 3 (Rous); the poliovirus genome has 8 AUGs preceding the presumptive start site for translation. The upstream AUGs are designated #1 (nearest the 5'-terminus), #2, etc. The poliovirus genome was sequenced independently in two laboratories (26, 27) . Each group reported a different sequence flanking AUG #6, which is therefore listed twice.
function as an efficient initiation signal, an AUG codon must be flanked by either a purine in position -3, or a G in position +4. In other words, at least one of the favored flanking nucleotides is required. To evaluate this idea, I have surveyed and grouped 153 eukaryotic messages on the basis of nucleotides occurring in positions -3 and +4. The data are presented in Table   1 . (I attempted to include all eukaryotic messages for which adequate sequence data have been published, and in which the functional initiator codon has been identified. Although sequences bordering the AUG codon have been determined for many messages, in some cases the remainder of the 5'-untranslated sequence is not known. Thus, the number of mRNAs used in compiling Table 1 is larger than the number used in Figure 1 . In the case of closely related genes, only one member of the set was chosen for Figure 1 , whereas Table 1 is more inclusive.) Of the 153 messages listed in Table 1 shown that ribosomes do initiate at that site, translating the so-called agnogene (67) . The mechanism by which ribosomes are also able to initiate at a downstream AUG triplet to make the VP1 protein is not understood; but the ideas proposed in this paper are not contradicted by finding "good" sequences flank-ing the first AUG in SV40 16S mRNA. The upstream AUG in that message is functional . The only other entry in the GXXAUGG column is the sixth AUG in the poliovirus genome. As explained in the footnote to Table 1 , two different sequences were reported for that site. Until the ambiguity can be cleared up, it seems fair to omit AUG #6 from further discussion. With these caveats, the data presented in Table 1 suggest the generalization that nonfunctional AUG triplets, which are found in the 5'-noncoding region of a few eukaryotic messages, are bordered by sequences (GXXAUGY or YXXAUGX) which differ from those found around most functional initiator codons.
The main conclusion from this survey is that nucleotides flanking functional initiator codons in eukaryotic messages are not random. Purines occur with very high frequency in positions -3 and +4. As a first step in determining whether the conserved flanking nucleotides play a role during initiation, I have carried out in vitro ribosome binding studies using various synthetic oligonucleotides.
Binding of 32 P-labeled oligonucleotides to wheat germ ribosomes
Effect of varying the nucleotide in position +4
Oligonucleotides of the form ApApUpGpX (where X = C, A, G or U) were constructed by ligating pGpX to the triplet ApApU. The efficiency of ligation was approximately 40% for reactions with pGpC and pGpA, and somewhat less than that for reactions with pGpG and pGpU, as shown in Figure 2 . The 32 P-labeled pentanucleotides, purified by electrophoretic fractionation, were incubated with wheat germ ribosomes under conditions that permitted formation of 80S initiation complexes. As shown in Table 2 (experiments 1 and 2 ) , the efficiency of binding varied from 0.5% for ApApUj&GpU, to 7-10% for ApApUpGpG.
The pentanucleotide series was converted to hexanucleotides by ligating pCp to the 3'-terminus. The chromatographic analysis shown in Figure 3 reveals that the ligation was quantitative: all 32 P-radioactivity was converted to the slower-migrating hexanucleotide position. The overall efficiency of binding to ribosomes was higher with the hexanucleotide series than with the pentanucleotides. Table 2 •t Figure 2 . a After incubation for 10 min at 19°C, each 50 yl reaction mixture was centrifuged through a glycerol gradient. The 32 P-radioactivity co-sedimenting with 80S ribosomes is shown as a percent of the total radioactivity recovered. Each sample contained 30,000 cpm of 32 P-oligonucleotide. 
Effect of varying the nucleotide in position -3
The range of oligonucleotides that could be constructed for this study To test the idea that a purine in position -3 might enhance binding of AUG-containing oligonucleotides, I first constructed a series of heptanucleotides of the form XpCpCpApUpGpCp, where X = C, A or G. These were prepared by ligating -"P-labeled pApUpGpCp to either CpCpC, ApCpC or GpCpC. Figure 4 (lanes 2-4) shows that all of the "P-labeled donor was converted to slowermigrating heptanucleotides. When these oligonucleotides were tested for ability to bind to wheat germ ribosomes, ApCpCpApUpGpCp and GpCpCpApUpGpCp were slightly more efficient than CpCpCpApUpGpCp, as shown in Table 3 . RNase digestion products ( Figure 5 ). Ribosome binding experiments were carried out with (Cp) 6 ApUpGpCp, (Cp) 3 ApCpCpApUpGpCp and (Cp) 3 GpCpCpApUpGpCp. As shown in Table 3 , the extent of binding was 7 to 9-fold higher for oligonucleotides with a purine in position -3. Although this effect was readily demon- a The experiments were carried out as described in the footnote to Table 2 . Three independent preparations of oligonucleotides were tested in experiments 1, 2 and 3. n.d. -not done. Figure 5 . Autoradiogram of products derived by partial hydrolysis of (Cp) 6 ApUpG$ (lanes 1,2) and (Cp) 3 ApCpCpApUpGp (lanes 4,5). Samples were incubated with T2 RNase (5U/ml) for 15 min (lanes 1,4) or 45 min (lanes 2,5). Partial digestion products were fractionated by homochromatography on DEAEcellulose. The uniform spacing between spots 3 through 9 in lane 2 is as expected for (Cp),ApOpG$. In lanes 4 and 5, the larger shift between spot 5 (CpCpApUpGj) and spot 6 (ApCpCpApUpGp) is consistent with the proposed sequence. [In a homologous partial digestion series, the distance between two oligonucleotides which differ by a purine nucleotide is always larger than that between two oligonucleotides which differ by a pyrimidine nucleotide (81) .] The markers in lane 3 are Gp, ApUpGp and (Cp)gApUpGp. Prior to carrying out the analysis shown in this figure, the oligonucleotides were digested with T^ RNase to remove 3'-terminal Cp, leaving 3 2 P directly at the 3'-end of the T]_-derived product. This simplified identification of partial digestion products subsequently obtained with T2 RNase. strated using the small oligonucleotides described above, with longer templates, such as (Cp).-ApUpGpCp, it was more difficult to show dependence on a purine in position -3. The problem is that longer oligonucleotides bound with considerably higher efficiency (25 to 45%) seemingly due to just their length.
Not surprisingly, it is difficult to demonstrate a stabilizing effect due to changing one nucleotide when binding has already been dramatically enhanced by the length-effect. Tables 2 and 3 indicate that, under the conditions of these experiments, only AUG-containing oligonucleotides were able to bind to ribosomes. ApGpUpGpG and ApGpUpGpGpCp (Table 2 ) , as well as ApCpCpGpUpGpCp and ApCpCpApUpUpCp (Table 3) Table 1 , gXXAUGG emerges as the favored sequence for eukaryotic initiation sites. Of the 153 messages included in the survey, only 11 have a pyrimidine in position -3, and in 9 of those the AUG codon is followed by G. Thus, only 2 putative initiation sites-those of SV40 VP1 and brome mosaic virus RNA-3-lack both a purine in position -3 and a G residue in position +4. The sequence QXXAUGG which characterizes most functional initiation sites is never observed among the nonfunctional AUGs found in the 5'-noncoding region of eukaryotic messages. It is obvious from the data in Table 1 This asymmetry suggests that purines in positions -3 and +4 might facilitate recognition of the AUG codon during formation of initiation complexes.
The controls listed in
The idea gains support from the oligonucleotide binding studies described above.
The extent of binding to wheat germ ribosomes was increased several-fold by placing a purine, rather than a pyrimidine, in position +4 ( Table 2 ) . The facilitating effect of a purine in position -3 was also readily demonstrated (Table 3 ) , particularly with the series CpCpCpXpCpCpApUpGpCp (X = C, A or G) .
Since only a small number of permutations were tested in this study, it might be that nucleotides in positions other than those tested also contribute to the stability of initiation complexes. But it is encouraging that differences in oligonucleotide binding can be detected upon varying the component in position -3 or +4; a purine seems to be preferred in both positions.
These results cannot be interpreted in isolation. Although the data in this paper suggest that recognition of the initiator codon is influenced by the flanking sequences, the position of the AUG triplet (i.e., near the 5'-end of the message) still seems to be the primary determinant of a functional initiation site (16, 17) . Within the interior of eukaryotic messenger RNAs the sequence *XXAUGG occurs many times; ribosomes do not initiate at these internal AUGs despite the favorable flanking sequence. In apparent contradiction to the studies described above, some previous experiments seemed to indicate that eukaryotic ribosomes select the AUG initiator codon without regard to the flanking seguences. Sherman and colleagues (9) (the semantic difficulty is obvious), the upstream AUGs are almost always followed closely by in-phase terminator codons (17) . Thus, ribosomes which initiate prematurely at an upstream AUG are returned quickly to circulation.
(c) The apparent inability of eukaryotic ribosomes to bind to sites in the interior of a message generally means that a eukaryotic mRNA can direct synthesis of only one protein-that encoded nearest the 5'-end of the template.
But a single message might direct synthesis of two proteins if the AUG triplet at the start of the first coding region were flanked by unfavorable sequences, such that only some 40S subunits stop and initiate at that site while others advance to the next AUG. Two examples come to mind: SV40 late 19S mRNA is believed to direct synthesis of both VP2 and VP3 (75, 86) ; and the mRNA encoding herpes thymidine kinase has been shown to direct synthesis of a second smaller protein (87) . In both messages the upstream initiator codon, which seems to be "leaky," is preceded by a pyrimidine in position -3: the initiation site for SV40 VP2 is UCCAUGG, and the putative initiation site for herpes thymidine kinase is CGUAUGG. Although there is no direct evidence concerning the mechanism by which nucleotides bordering the AUG codon facilitate initiation, the mechanism must be compatible with a large body of evidence which suggests that ribosomes attach to eukaryotic mRNAs at an upstream site, and migrate down to the AUG. I have therefore proposed a modified version of the scanning model which postulates that flanking nucleotides modulate the efficiency with which an AUG triplet is recognized as a stop-signal by the migrating 40S subunit. The modified scanning mechanism accounts for those few messages (eleven, to date) in which translation does not begin at the AUG triplet closest to the 5'-terminus, and also for rare messages which seem to direct synthesis of two independentlyinitiated proteins.
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FOOTNOTES
The suggested cut-off between efficient and inefficient initiation signals has been set rather arbitrarily between GXXAUGA (which I have called efficient) and GXXAUGY (which I have called inefficient). This division obviously does not follow from the number of functional initiation sites which have those sequences. Both sequences occur infrequently, and therefore both might be viewed as likely-to-be-inefficient. On the other hand, there is no evidence that the 4 messages initiating at GXXAUGA or the 3 messages initiating at GXX-AUGY (see Table 1 ) are defective; thus, one might argue that-despite their infrequent occurrence-both GXXAUGA and GXXAUGY should be regarded as efficient. To some extent, I have been guided by the oligonucleotide binding studies which show a purine in position +4 to be much better than a pyrimidine in that site. 2 There is some uncertainty in pinpointing the initiator codon in these 2 messages. In the case of brome mosaic virus RNA-3, the putative initiation site was identified by the open reading frame that follows; but only a limited portion of that RNA has been sequenced (82) . The difficulty in identifying the initiator codon for SV40 VP1 has been discussed previously (17) . It is not known whether translation of VP1 in vivo begins at the first or second AUG within the sequence CUUAUGAAGAUGGCC.
•^Although this paper emphasizes the role of the flanking primary sequence in modulating recognition of the AUG codon, other experiments (83) suggest that the secondary/tertiary structure of eukaryotic messages also contributes to the fidelity of initiation. With denatured reovirus mRNA as template, 40S ribosomes tend to migrate beyond the first AUG codon-despite the favorable flanking sequences.
